Abstract: Jarosites are widely used in the hydrometallurgical industry of zinc to eliminate iron and other impurities contained in the concentrates. However, these compounds can also incorporate elements of significant environmental concern such as Tl + , Hg 2+ , Pb 2+ , Cd 2+ , Cr(VI), and As(V). In this work, the characterization of a synthetic mercury jarosite and its thermal decomposition kinetics are reported. XRD and FTIR analyses confirm that a mercury jarosite-Hg 0.40 (H 3 O) 0.2 ]Fe 2.71 (SO 4 ) 2.17 (OH) 4.79 (H 2 O) 0.44 -was successfully synthesized. Four mass loss events were observed by thermogravimetric analysis at 290 • C, 365 • C, 543 • C, and 665 • C. The third event corresponds to mercury decomposition into mercury oxide, whilst the forth is related to the jarosite to hematite transformation determined by X-ray diffraction starting at around 600 • C. According to the kinetic parameters (activation energy and frequency factor) of the thermal decomposition process, the fourth stage required the highest energy (Ea = 234.7 kJ·mol −1 ), which corresponds to elimination of sulfur and oxygen from the jarosite lattice. Results show that jarosite-type compounds have the capability to incorporate heavy metals into their structure, retaining them even at high temperatures. Therefore, they can be used as a remediation strategy for heavy metals, such as mercury and others elements of environmental concern.
Introduction
Mercury is widely known for its high toxicity; in recent years, its concentration levels have increased in several environments [1] [2] [3] . Mercury pollution in water, fish, and humans has become of great concern worldwide, since it strongly affects human health and can seriously damage the nervous system. Mercury-dependent artisanal and small-scale gold mining (ASGM) is the largest source of mercury pollution on Earth. Commonly, effluents are discharged in aquifers without treatment prior to mercury release [3, 4] . High levels of mercury in water represent a serious environmental problem in countries like China, Spain, Brazil, the Czech Republic, and the United States [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
Several techniques of mercury removal-including electrochemical methods, nanotechnology, phytoextraction, phytostabilization, zeolite filters, and sedimentation, among others-have been developed during the past decades, but they are not yet completely efficient because of the instability of this element after being treated [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
Natural jarosite was discovered in 1852 in the south-eastern cliffs of Spain [26] . The importance of the formation and decomposition of jarosite-type compounds depends on its presence in the soils, sediments, and deposits where it is formed [27] . The family of jarosite compounds [MFe 3 (SO 4 ) 2 (OH) 6 ]-where M can be Na + , K + , Ag + , Rb + , H 3 O + , Tl + , NH 4 + , Hg 2+ or Pb 2+ -has a wide range of applications in the metallurgical industry. The jarosite precipitation process is the most widespread technology in the zinc industry, used for iron removal from the hot-acid leaching solutions prior to recovery of zinc [28] . Jarosites have the capability to incorporate elements of environmental concern-such as Pb 2+ have conducted the most recent studies regarding the incorporation of arsenic into the structure of jarosite-type compounds under different conditions of pH, temperature, and particle size [29] [30] [31] [32] [33] . Dutrizac and Kaiman, 1976 , were the first researchers to synthesize jarosite-type compounds with mercury, which was achieved by incorporation of 14.62 wt. % of mercury oxysulfate. Dutrizac and Chen, 1981 , also synthesized jarosite-type compounds with mercury, although they incorporated only 0.08 wt. % of mercury. There are no reports in the literature regarding the stability of mercury jarosite compounds after being exposed to high temperatures [34, 35] .
The thermal decomposition of jarosite-type compounds containing K + , Na + , Pb 2+ , H 3 O + , and NH 4 + was analyzed by Frost et al. 2005 . Three mass loss events were observed in Na + and K + jarosites; the first attributed to loss of water, the second associated with a dehydroxylation process, and the third related to transformation of sulfur compounds. In the case of jarosites containing Pb 2+ , H 3 O + , and NH 4 + , four mass loss events were reported; the three stages described above and a fourth one attributed to the transformation of cationic sites (Na + , K + , Ag + , Rb + , H 3 O + , Tl + , NH 4 + , Hg 2+ , or Pb 2+ ). In all cases, the complete decomposition of this compound was reached above 700 • C. None of the above-mentioned works used compounds containing elements of environmental importance such as mercury [36] [37] [38] . Therefore, the present work presents the thermal characterization and subsequent thermal decomposition kinetics of jarosite-type compounds containing mercury. The main objective was to investigate the high temperature behavior of this toxic element in order to propose its thermal decomposition stoichiometry.
Materials and Methods

Characterization
The synthesis of mercury jarosite was conducted according to the procedure reported by Ordoñez et al. [39] , in which 1 L of a solution containing 0.27 mol·L −1 Fe 2 (SO 4 ) 3 ·nH 2 O and 0.58 mol·L −1 Hg(NO 3 ) 2 ·H 2 O was kept at constant temperature of 93 • C under stirring (400 rpm) for 24 h in a Pyrex reactor. The obtained solids were vacuum filtered and rinsed with hot distilled water at 70 • C to remove excess reagents, and the precipitate was finally dried at 65 • C. Ultrapure deionized water (resistivity of ≈ 18.0 MΩ·cm) and Sigma-Aldrich reagents in ACS grade were used for the synthesis of the mercury jarosite. Characterization by X-ray diffraction (XRD) was carried out in an Inel Equinox 2000 diffractometer (Thermo Fisher Scientific, Waltham, MA, USA); patterns were collected in the 2θ range 10-90 • , acquisition time 10 s, Co Kα1 radiation (λ = 1.78901 Å), 40 kV and 25 mA, using a Curved Position Sensitive Detector and germanium monochromator. The 0.002 • angular resolution of the diffracted beam was predefined by the channel size of 50 µm, and the distance between sample and the detector equal to 1406.9 mm.
The approximate formula of the synthesized compound was calculated from elemental analysis by atomic absorption spectrometry (AAS, PerkinElmer Analyst 200, PerkinElmer Waltham, MA, USA), and prior digestion of a solid sample with hydrochloric acid (HCl, ACS reagent 37% Sigma-Aldrich, Saint Louis, MO, USA) to determine contents of Hg and Fe. The SO 4 2− was determined by gravimetric analysis from the BaSO 4 precipitation [40] 
Thermal Decomposition Kinetics
For the thermal decomposition kinetics, synthetic mercury jarosite samples (1 g) were subjected to 1 h isothermal treatments (320, 400, 600, and 700 • C) to determine the decomposition reactions, according to the identified mass loss events by TGA. SEM-EDS analyses-conducted in a JEOL JSM-6701F microscope (JEOL, Tokyo, Japan)-were carried out for each isothermally treated sample to obtain the elemental composition of the residues, and to be able to establish the possible reaction mechanism. The experimental values obtained at different temperatures for the time (t), at which the fraction transformed was Y 0.5 , were used to estimate the activation energy (Ea) by the "time to given fraction" method. Figure 1 shows the XRD patterns of the synthesized compound. According to the International Center for Diffraction Data-Powder Diffraction Files, the solid was identified as synthetic mercury jarosite, Hg 0.5 Fe 3 (SO 4 ) 2 (OH) 6 (PDF 00-030-0837). No additional reflections are observed, indicating that a pure compound was obtained. The approximate formula of the synthesized compound was calculated from elemental analysis by atomic absorption spectrometry (AAS, PerkinElmer Analyst 200, PerkinElmer Waltham, MA, USA), and prior digestion of a solid sample with hydrochloric acid (HCl, ACS reagent 37% SigmaAldrich, Saint Louis, MO, USA) to determine contents of Hg and Fe. The SO4 2− was determined by gravimetric analysis from the BaSO4 precipitation [40] , and the O + H content was calculated as the weight difference. The Fourier transform infrared spectroscopy (FTIR) analysis was performed in a Perkin Elmer Frontier FT-IR spectrometer (PerkinElmer Waltham, MA, USA) in the mid-infrared region (400-4000 cm −1 ). Thermal characterization was carried out by thermogravimetric and differential thermal analysis (TGA/DTA) in a TGA/DTA 851e Mettler-Toledo (Mettler-Toledo, Columbus, OH, USA). Experiments were conducted at 10 °C•min −1 heating rate under 666 × 10 −3 m 3 •min −1 air flow.
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Thermal Decomposition Kinetics
For the thermal decomposition kinetics, synthetic mercury jarosite samples (1 g) were subjected to 1 h isothermal treatments (320, 400, 600, and 700 °C) to determine the decomposition reactions, according to the identified mass loss events by TGA. SEM-EDS analyses-conducted in a JEOL JSM-6701F microscope (JEOL, Tokyo, Japan)-were carried out for each isothermally treated sample to obtain the elemental composition of the residues, and to be able to establish the possible reaction mechanism. The experimental values obtained at different temperatures for the time (t), at which the fraction transformed was Y0.5, were used to estimate the activation energy (Ea) by the "time to given fraction" method. Figure 1 shows the XRD patterns of the synthesized compound. According to the International Center for Diffraction Data-Powder Diffraction Files, the solid was identified as synthetic mercury jarosite, Hg0.5Fe3(SO4)2(OH)6 (PDF 00-030-0837). No additional reflections are observed, indicating that a pure compound was obtained. According to the chemical analysis presented in Table 1 and considering the following molar relationships: 2Hg + H 3 O = 1, Fe = 3, SO 4 = 2, and OH = 1 + 3Fe − 2SO 4 , remaining wt. % is attributed to the presence of water in the structure (see FTIR results). Figure 2 and the results from the spectral analysis are listed in Table 2 . According to the stoichiometric formula obtained from chemical analysis, bands due to sulfate ion, hydroxyl groups, and metal-oxygen bonds (Fe-O and Hg-O) are expected in the IR spectrum. Regarding the ν(M-O) stretching vibrations, two bands were reported for pure HgO: the asymmetric mode observed at 600 cm −1 and the symmetric mode at 470 cm −1 or 484 cm −1 [41, 42] . Shifting of both bands to 618 cm −1 and 476 cm −1 , respectively, relate to incorporation of the carbonate group into the mercury oxide structure [42] . The sharp band in Figure 2 present at 617 cm −1 was attributed to the ν(Hg-O) stretching vibration, whilst the shoulder at 490 cm −1 and the peak at 463 cm −1 could correspond to both the Hg-O and the Fe-O covalent bonding, confirming the structural incorporation of mercury [42] [43] [44] [45] . The six vibration modes (two ν 3 , two ν 4 , one ν 1 , and one ν 2 ) due to C 3v sulfate anion in the jarosite structure can be clearly identified in the spectrum [42] . Bands at 1184 cm −1 and 1087 cm −1 relate to the asymmetric stretching mode (ν 3 ), and those observed at 671 cm −1 and 636 cm −1 to the ν 4 asymmetric bending vibration. The band observed at 430 cm −1 is associated with the symmetric bending mode (ν 2 ), and the symmetric stretching (ν 1 ) vibration appear as a shoulder at 996 cm −1 , which is overlapped with the strong band at 1004 cm −1 , corresponding to the in-plane bending mode of the hydroxyl group [42, 43] .
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Additionally, the band at 1630 cm −1 corresponds to the bending vibration of water molecules, often present in synthetic samples where H 3 O + replaces some of the monovalent sites [45] . Finally, the broad peak centered at 3310 cm −1 confirms the presence of OH − and H 2 O in the molecule, and the broad peaks between 2350 cm −1 and 1900 cm −1 correspond to overtones of fundamental vibrations in the 1200-900 cm −1 region [43] . A detailed FTIR analysis was conducted to determine the species present in the synthetic mercury jarosite. Measurements of mass loss were also performed to propose the thermal decomposition stoichiometry. Therefore, the results from XRD and FTIR confirm that the mercury jarosite was successfully synthesized. Figure 3 shows the thermogravimetric analysis of the synthetic mercury jarosite. As can be seen, four mass loss stages were observed at 290 °C, 365 °C, 543 °C and 665 °C. The first mass loss stage (2.3%) observed from 120 °C to 320 °C corresponds to release of water retained by the sample, and the second one (7.2%)-at temperatures between 320 °C and 440 °C-is attributed to dehydroxylation. The third mass loss event relates to mercury loss due to decomposition into mercury oxide (16.1%), and the fourth stage is associated with sulfate loss (25.5%). The following steps may explain the thermal decomposition mechanism of the synthetic mercury jarosite based on the theoretical formula, which are comprised of water loss being Figure 3 shows the thermogravimetric analysis of the synthetic mercury jarosite. As can be seen, four mass loss stages were observed at 290 • C, 365 • C, 543 • C and 665 • C. The first mass loss stage (2.3%) observed from 120 • C to 320 • C corresponds to release of water retained by the sample, and the second one (7.2%)-at temperatures between 320 • C and 440 • C-is attributed to dehydroxylation. The third mass loss event relates to mercury loss due to decomposition into mercury oxide (16.1%), and the fourth stage is associated with sulfate loss (25.5%). Figure 3 shows the thermogravimetric analysis of the synthetic mercury jarosite. As can be seen, four mass loss stages were observed at 290 °C, 365 °C, 543 °C and 665 °C. The first mass loss stage (2.3%) observed from 120 °C to 320 °C corresponds to release of water retained by the sample, and the second one (7.2%)-at temperatures between 320 °C and 440 °C-is attributed to dehydroxylation. The third mass loss event relates to mercury loss due to decomposition into mercury oxide (16.1%), and the fourth stage is associated with sulfate loss (25.5%). The following steps may explain the thermal decomposition mechanism of the synthetic mercury jarosite based on the theoretical formula, which are comprised of water loss being The following steps may explain the thermal decomposition mechanism of the synthetic mercury jarosite based on the theoretical formula, which are comprised of water loss being superficially retained or contained in the compound's structure (first two steps), mercury loss (third step), and transformation and sulfur loss (fourth step).
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The hydronium content was not taken into account in the proposed mechanism, since it represents only about 7.1 × 10 −3 wt. % of the total mass of the synthesized mercury jarosite (according to the presented formula), and therefore can be considered negligible. Frost et al. [37] reported that during the thermal decomposition of the hydronium jarosite, the loss of protons at 557 • C relates to the loss of H 2 SO 4 , with further decomposition to produce SO 3 superficially retained or contained in the compound's structure (first two steps), mercury loss (third step), and transformation and sulfur loss (fourth step).
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The hydronium content was not taken into account in the proposed mechanism, since it represents only about 7.1 × 10 −3 wt. % of the total mass of the synthesized mercury jarosite (according to the presented formula), and therefore can be considered negligible. Frost et al. [37] reported that during the thermal decomposition of the hydronium jarosite, the loss of protons at 557 °C relates to the loss of H2SO4, with further decomposition to produce SO3 and H2O. 
Kinetics of Thermal Decomposition
To obtain the remaining species in each decomposition stage, 1 g samples of synthetic mercury jarosite were first calcined for 1 h at 250 °C (for the first mass loss event), 350 °C (for the second stage), 510 °C (for the third stage), and 590 °C (for the fourth mass loss stage). To determine the activation energy corresponding to each of the four observed mass loss events, four samples from each calcined powder sample were subjected to isothermal treatments at 290 °C, 305 °C, 315 °C, and 325 °C for the first stage; 360 °C, 375 °C, 390 °C, and 400 °C for the second stage; 520 °C, 545 °C, 560 °C, and 590 °C for the third stage; and 600 °C, 620 °C, 635 °C, and 650 °C for the fourth stage.
Determination of kinetics requires calculation of the reacted material mass fraction according to Equation (1): (1) where Y is the reacted mass fraction, m0 is the initial mass, mt is the mass at time t, and mf is the mass at the end of the thermal decomposition process. . X-ray diffraction patterns of synthetic mercury jarosite and residues after calcination at different temperatures.
To obtain the remaining species in each decomposition stage, 1 g samples of synthetic mercury jarosite were first calcined for 1 h at 250 Determination of kinetics requires calculation of the reacted material mass fraction according to Equation (1):
where Y is the reacted mass fraction, m 0 is the initial mass, m t is the mass at time t, and m f is the mass at the end of the thermal decomposition process.
Once Y was calculated, the thermal dissociation of the synthetic mercury jarosite was plotted for each of the four stages as a function of time, as shown in Figure 6a- Once Y was calculated, the thermal dissociation of the synthetic mercury jarosite was plotted for each of the four stages as a function of time, as shown in Figure 6a -d. The activation energy (Ea) can be estimated by the "time to given fraction" method, which considers that the transformed fraction and time (t) are functionally related. Therefore, t can be considered as the dependent variable instead of the rate constant (k), which is strongly dependent on T [46, 47] . tY can be described by the expression:
Therefore,
where time tY for a specific Y is determined from isothermal experiments (see Figure 6a-d) . A in Equations (2) and (3) is a fitting constant, which relates to the number of collisions at the beginning of the reaction, R is the gas constant (R = 8.3144 × 10 −3 kJ•mol −1 •K −1 ), and T is temperature in K. Table 3 summarizes the obtained tY values at fraction Y = 0.5 for each of the isothermal experiments conducted in the present work, along with the activation energy and the fitting constant obtained from the slope of the straight lines in Figures 7-10 . The activation energy (E a ) can be estimated by the "time to given fraction" method, which considers that the transformed fraction and time (t) are functionally related. Therefore, t can be considered as the dependent variable instead of the rate constant (k), which is strongly dependent on T [46, 47] . t Y can be described by the expression:
where time t Y for a specific Y is determined from isothermal experiments (see Figure 6a-d) . A in Equations (2) and (3) is a fitting constant, which relates to the number of collisions at the beginning of the reaction, R is the gas constant (R = 8.3144 × 10 −3 kJ·mol −1 ·K −1 ), and T is temperature in K. Table 3 summarizes the obtained t Y values at fraction Y = 0.5 for each of the isothermal experiments conducted in the present work, along with the activation energy and the fitting constant obtained from the slope of the straight lines in Figures 7-10 . Table 3 . Time taken to 50% of conversion (Y = 0.5) from the data obtained in Figure 6 . The activation energy obtained for the first mass loss stage ( Figure 7 )-Ea = 50.8 kJ·mol −1 -indicates that H 2 O is adsorbed by strong hydrogen bonds to the jarosite structure, whilst dehydroxylation is a less temperature-dependent process, according to the low value obtained (20.19 kJ·mol −1 ) for the activation energy corresponding to the second mass loss event (Figure 8 ). It has been claimed that dehydroxylation is controlled by a mixture of mass transport and temperature [48] . The activation energy obtained for the first mass loss stage ( Figure 7 )-Ea = 50.8 kJ•mol −1 -indicates that H2O is adsorbed by strong hydrogen bonds to the jarosite structure, whilst dehydroxylation is a less temperature-dependent process, according to the low value obtained (20.19 kJ•mol −1 ) for the activation energy corresponding to the second mass loss event (Figure 8 ). It has been claimed that dehydroxylation is controlled by a mixture of mass transport and temperature [48] . 
Stage
Conclusions
The results by X-ray diffraction (ICDD-PDF 00-030-083) show that mercury jarosite was synthesized successfully. FTIR analysis shows the characteristic vibration modes of the Hg−O bond at 618 cm −1 , 490 cm −1 and 465 cm −1 . Thermogravimetric analyses show four weight losses: the first two attributed to adsorbed water and structural water (dehydroxilation), the third weight loss relates to transformation of mercury into different species and to desulfonization, and the fourth is associated with the sulfur loss due to the formation of different oxides. Results by EDS and XRD indicate that in all of the cases, hematite is the residual phase of the thermal decomposition process.
The activation energy calculated for each stage was 50.8, 20.19, 44.8, and 234.7 kJ•mol −1 for the first, second, third, and fourth loss mass events, respectively. These values indicate that weight loss events are controlled by temperature, with the exception of the dehydroxylation process which is controlled by mass transport (i.e., the resistance of reaction gas product through the laminar layer, limiting the rate of the process) and temperature. This later presents a mixed control, since the calculated activation energy is in the range of 20 ≥ Ea ≤ 40 kJ•mol −1 . A high energy is needed for decomposition of synthetic mercury jarosite, which means that they are stable compounds even at high temperatures and therefore, it is expected that mercury present in the jarosite is also stable.
Results of the thermal analysis show that the synthetic mercury jarosites require higher decomposition temperature compared to other jarosite-type compounds-such those containing Pb, Na, H3O, K, and NH4 [36] [37] [38] . 
The activation energy calculated for each stage was 50.8, 20.19, 44.8, and 234.7 kJ·mol −1 for the first, second, third, and fourth loss mass events, respectively. These values indicate that weight loss events are controlled by temperature, with the exception of the dehydroxylation process which is controlled by mass transport (i.e., the resistance of reaction gas product through the laminar layer, limiting the rate of the process) and temperature. This later presents a mixed control, since the calculated activation energy is in the range of 20 ≥ Ea ≤ 40 kJ·mol −1 . A high energy is needed for decomposition of synthetic mercury jarosite, which means that they are stable compounds even at high temperatures and therefore, it is expected that mercury present in the jarosite is also stable. Results of the thermal analysis show that the synthetic mercury jarosites require higher decomposition temperature compared to other jarosite-type compounds-such those containing Pb, Na, H 3 O, K, and NH 4 [36] [37] [38] .
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